Abstract. The established animal model for Lassa fever is based on the new world arenavirus Pichinde (PIC). Natural isolates of PIC virus are attenuated in guinea pigs, but serial guinea pig passage renders them extremely virulent in that host. We have compared the nucleotide sequences of the small RNA segments of two attenuated, lowpassage variants of the PIC virus Munchique strain (CoAn 4763) and two virulent, high-passage derivatives. Missense mutations in the glycoprotein precursor (GPC) gene at codons GPC-119, GPC-140, and GPC-164 and the nucleoprotein gene (NP) codons NP-35 and NP-374 were most closely associated with virulence. Codon GPC-140 is predicted to represent a region of peak hydrophilicity of the glycoprotein 1 (GP1); it is conceivable that mutations at this site could influence virulence by altering B cell epitopes or virus attachment protein conformation.
Of all the viral hemorrhagic fevers of humans, Lassa fever (caused by the arenavirus Lassa) is most amenable to pathogenesis studies because of the availability of a wellcharacterized, safe, and accurate animal model. This model uses the new world arenavirus Pichinde (PIC), 1 a member of the Tacaribe serogroup, which is non-pathogenic for humans. Serial passage of the Munchique isolate of PIC virus (CoAn 4763) in inbred guinea pigs dramatically increases the pathogenicity of the virus. 2 Guinea pigs infected with this adapted PIC virus develop fever, leukopenia, thrombocytopenia, platelet dysfunction, 3 and terminal vascular collapse 4 in the absence of significant hemorrhagic manifestations, resembling Lassa fever. 5 Like Lassa virus in humans, adapted PIC virus replicates in all extraneural tissues of guinea pigs, and induces minimal histopathologic changes in liver, spleen and other reticuloendothelial organs of the infected host. [6] [7] [8] In contrast, the parental, unpassaged virus is naturally attenuated, and causes a self-limited febrile illness with low mortality in inbred guinea pigs. 2 This system offers the opportunity to delineate molecular genetic determinants of virulence. The relatively short passage history of parent (attenuated) and passaged (virulent) PIC virus suggests that sequence analysis would uncover a relatively small number of mutations between the two; the disparate virulence phenotypes favors the correlation of pathogenicity with specific viral genetic alterations.
Arenaviruses have bipartite, ambisense, single-stranded RNA genomes. The small (S) segment encodes the viral envelope glycoproteins and nucleoprotein. 9 The glycoprotein precursor (GPC) protein is translated from a virus sense mRNA derived from the 5Ј half of the S segment. The GPC polypeptide is post-translationally processed by host cell signal peptidase and furin-like proteases to yield GP1 and GP2. Biochemical studies suggest that tetramers of GP2, which have a transmembrane domain, form a coiled-coil stalk, atop which tetramers of the globular GP1 protein are bound by non-covalent interactions. 9, 10 The cytoplasmic tails of the GP2 molecules are believed to interact with viral nucleocapsids. The nucleoprotein (NP) is translated from a virus-complementary, subgenomic mRNA derived from the 3Ј half of the S segment. 11 In an analogous ambisense fashion, the large (L) segment encodes the viral RNA-dependent RNA polymerase and a small zinc finger protein (Z) that may play a regulatory role. 12 The nucleotide sequence of the 3.4 kb S segment of the prototype PIC virus strain (CoAn 3739) has been reported, 13 but only partial sequence of the termini of the S and L segments of adapted PIC virus Munchique (CoAn 4763), which is the basis of the animal model for Lassa fever, is available. 14 Because the main focus of our laboratory is pathogenesis of PIC virus disease in guinea pigs, we are interested in sequence changes in the viral genome that correlate with the acquisition of virulence during serial guinea pig passage of the virus. We report here S segment sequence analysis of attenuated and virulent members of a PIC virus (Munchique strain) guinea pig passage series.
MATERIALS AND METHODS
Virus and cells. This study compares viruses from a passage series originating from the PIC virus Munchique strain, CoAn 4763, which was isolated from Oryzomys albigularis by Trapido and SanMartin. 1 This isolate is hereafter abbreviated 4763, and its guinea pig-passaged derivatives are designated with a suffix indicating the passage number. Pichinde virus, Munchique strain (4763), guinea pig passage 1 (4763-P1) was obtained from Peter Jahrling (U.S. Army Medical Research Institute of Infectious Diseases, Fort Detrick, Frederick, MD), 2 and was subsequently passaged once in strain 13 guinea pigs in our laboratory to produce 4763-P2. Virulent, high guinea pig-passage PIC virus 4763 (derived from Jahrling's original passage-adapted PIC virus 4763) was obtained from Dorian Coppenhaver (University of Texas Medical Branch) as spleen stock of the 15th guinea pig passage, 15 and was passaged successively in our laboratory in strain 13 guinea pigs to obtain 4763-P17 and P18. All guinea pig spleen passages were performed as follows: groups of five to six 400-gram strain 13 guinea pigs were inoculated intraperitoneally (ip) with 1 ml of diluted, pooled spleen homogenate from the previous guinea pig passage (approximately 1:10 dilution of a 10% [w/v] homogenate). On day 6 postinfection, spleens were harvested, pooled, and 10% (w/v) homogenates were prepared in RPMI 1640 media. These stocks were aliquoted and stored at Ϫ70ЊC, and clarified by centrifugation before use. The virus was quantitated by plaque assay on Vero cells. Viral titers of spleen stocks ranged between 10 5 and 10 6 plaque-forming units (PFU)/ml of homogenate.
Experimental infection of guinea pigs. All animal ex- periments were performed in accordance with National Institutes of Health guidelines for humane use of laboratory animals. Male outbred guinea pigs (400 grams) were obtained from Harlan Sprague-Dawley (Indianapolis, IN). Male inbred strain 13 guinea pigs (350-500 grams) were obtained from Crest Caviary (Mariposa, CA). After a 1-week acclimation period, animals were inoculated ip with PIC virus spleen stock diluted in endotoxin-free phosphate-buffered saline. Body weights and rectal temperatures were monitored daily, and animals were killed when moribund (body weight Ͻ 75% of the starting weight and rectal temperature Ͻ 39ЊC). For virulence phenotype studies, 4 or 5 animals were inoculated with each PIC virus variant as indicated in the results. For infectivity titrations, 5 outbred guinea pigs per group were inoculated with serial 10-fold dilutions of PIC virus spleen stock. Survivors were challenged one month later with a lethal dose of 4763-P18 (1,000 pfu). For purposes of determining the 50% infectious dose (ID 50 ), death after the initial infection or survival after challenge were considered indicators of infection.
Reverse transcriptase-polymerase chain reaction (RT-PCR) and sequencing viral genes. Vero cell monolayers were infected at low multiplicity of infection (approximately 0.1) with diluted spleen stock, and total cellular RNA was isolated 3-4 days later using the Ultraspec RNA isolation system (Biotecx Laboratories, Inc., Houston, TX). In some experiments, RNA was isolated directly from spleen homogenate comprising stock virus preparations of 4763-P2 and 4763-P18. The RT-PCR was performed using the following S strand-specific primers: 5PS: CGCACCGGGGATCCTA-GGCATACC (nucleotides 1-24, forward); S10: TATAA-TACCCGCAGCTACACAGGG (nucleotides 1501-1534, reverse); S16: ATGGCTCGTACCTCAATGAAACGC (nucleotides 1262-1285, forward); S18: GCTTGGGACAACAC-CACTGTGG (nucleotides 2340-2361, reverse); S17: CGTTTCTTACTGGTGGCTGGATAGC (nucleotides 2298-2319, forward); 3PS: CGCACAGTGGATCCTAGGC (nucleotides 3401-3419, reverse). Two microliters of target RNA (less than 1 g) was denatured at 98ЊC and annealed with 10 pmol of forward and reverse primer. Reverse transcription was performed in a 20-l reaction volume at 42ЊC for 60 min in 10 mM Tris-HCl buffer with 50 mM KCl, pH 8.3, in the presence of 4 mM MgCl 2 , 0.2 mM dNTPs, 20 units of RNase inhibitor, and 10 units of avian myeloblastosis virus reverse transcriptase (Boehringer-Mannheim, Indianapolis, IN). After heating at 95ЊC to inactivate the reverse transcriptase, samples were cooled, and Taq polymerase was added (0.5-2.5 units) (Boehringer-Mannheim) together with PCR buffer plus a final Mg concentration of 2.3 mM in a total reaction volume of 100 l. Samples were heated at 95ЊC for 3 min, and then cycled through 30 iterations of the following profile using a Twinblock System Easy Cycler Series (Ericomp, San Diego, CA): 95ЊC for 30 sec, 45ЊC or 52ЊC for 30 sec, and 72ЊC for 3 min. Final extension was at 72ЊC for 7 min. The RT-PCR products were visualized after electrophoresis on ethidium bromide-stained agarose gels to ensure amplification of a fragment of the correct size. Qiaquick spin columns (Qiagen Inc., Santa Clarita, CA) were used to purify RT-PCR products, which were then directly sequenced using the ABI Prism Dye Terminator Kit according to manufacturer's instructions (PerkinElmer, Foster City, CA) and primers designed from the published PIC sequence. Reaction products were analyzed on an ABI Prism 377 automated sequencer (Perkin-Elmer). Both cDNA strands were sequenced. The reported sequence represents the consensus of at least 2 separate RT-PCRs for each region. In some instances (5Ј and 3Ј ends and the intergenic region), RT-PCR products were cloned into the pCR 2.1 vector (TA cloning kit; Invitrogen, San Diego, CA), and at least two representative clones were sequenced in both directions. The precise termini were not analyzed. Sequence alignments and analysis were performed using PCGene software (Intelligenetics, Inc., Mountain View, CA). Genbank accession numbers for the sequences reported here are as follows: 4763-P1 #AF081552; 4763-P2 #AF081553; 4763-P17 #AF081554; 4763-P18 #AF081555.
Statistical analysis. Parameters of PIC virus virulence in guinea pigs (survival time, body weight changes, duration of fever, day of fever onset) were compared using parametric (Student's t-test) or non-parametric (Mann-Whitney U test) statistical tests, as appropriate. Statistical significance of proportionate mortality for each group was assessed using Fisher's exact test (Sigmastat statistical software; Jandel Corporation, San Rafael, CA). The 50% lethal dose (LD 50 ) and ID 50 values were estimated using the probit method. 16 
RESULTS
Virulence phenotypes of passaged PIC virus variants in guinea pigs. In the original description of the PIC virus model, inbred strain 13 guinea pigs were more susceptible to lethal infection by 4763-P8 than were outbred guinea pigs; 2 thus, strain 13 guinea pigs became the accepted model. However, because of the increased expense and limited availability of strain 13 animals, we were interested to determine whether outbred guinea pigs would reproduce lethal disease caused by the passage-adapted PIC virus Munchique variant currently in use in our laboratory (4763-P18). Animals were inoculated with pooled stock spleen material from the indicated guinea pig passage. Tissue culture passage and plaque-purification were avoided to prevent selection of tissue culture-adapted variants. The virulence properties of high-and low-passage variants of PIC4763 in inbred strain 13 guinea pigs and outbred guinea pigs are shown in Table  1 . In both strain 13 and outbred guinea pigs, 4763-P18 was distinctly more pathogenic than 4763-P2, as demonstrated by higher mortality rates and shortened survival times. One 
GPC-397 * For each locus (numbered from the 5Ј end, virus genome), the nucleotide is shown in lower case, the specified amino acid in parentheses in upper case. thousand PFU of PIC4763-P18 was uniformly lethal for both inbred and outbred guinea pigs, who had mean survival times of 13 and 16 days, respectively. Guinea pigs infected with the high-passage 4763-P18 also displayed earlier onset of fever, longer duration of fever, and greater weight loss compared with guinea pigs infected with the same dose of 4763-P2. The features of the disease caused by 4763-P17 were similar to those for 4763-P18 and have been described elsewhere. 7 Published data indicates that 4763-P1 variant is attenuated in inbred guinea pigs. 2 The relative infectivities of the 4763-P2 and 4763-P18 spleen stocks were determined in outbred guinea pigs. Based on the results of the titration experiment shown in Table 2 , the following estimates of LD 50 and ID 50 were made: 4763-P2 ID 50 ϭ 0.5 PFU, LD 50 Ͼ 1,000 PFU and 4763-P18 ID 50 ϭ 0.4 PFU, LD 50 ϭ 3 PFU.
Sequence analysis of S segments. An RT-PCR-based strategy was used to sequence the S segments of the PIC virus isolates and variants described earlier. To ensure that the sequence data accurately reflected the virus population for which guinea pig virulence phenotypes had been characterized, PIC virus spleen stocks were inoculated directly onto Vero cells, and total cellular RNA was isolated 3-4 days postinfection for use as a template for RT-PCRs. Based on published sequence for the prototype PIC virus isolate (CoAn3739, Genbank accession #K02734), primers were designed to amplify the S segment in three portions. Where possible, RT-PCR products were sequenced directly to avoid overemphasis of cloning or PCR artifacts and to characterize the predominant genotype of the population within the spleen stock.
In the four members of the 4763 passage series that were sequenced, predicted amino acid substitutions were identified at nine loci, five in the GP1 gene, one in the GP2 gene, and three in the NP gene (Tables 2 and 3 and Figure 1 ). Among the glycoprotein mutations, only three were found to correlate with virulence; i.e., at GPC-119, 140, and 164 the wild type amino acid was found in both attenuated var- 
NP-35 * For each locus, the nucleotide is indicated in lower case (numbered according to virus genome sense), and specified amino acid is in parentheses, upper case. P1 and P2 are attenuated, low passage variants, P17 and P18 are high passage, virulent variants. iants (P1 and P2), and the mutation was found in both virulent variants (P17 and P18). In contrast, GPC-59 and GPC-46 both showed amino acid substitutions in P2 with samesite reversion in P17 and P18. Mutations at GPC-119 and GPC-164 specified conservative amino acid changes (threonine for serine, and valine for isoleucine, respectively), whereas the GPC-140 mutation results in the substitution of glutamic acid for a lysine residue. Hydrophilicity predictions generated by the Hopp and Woods method 17 show that GPC-140 represents the region of peak hydrophilicity for this putatively surface-exposed protein (Figure 2) . None of the glycoprotein mutations affected any identifiable functional motifs, such as predicted glycosylation sites, host cell protease cleavage sites of the GPC polypeptide, 18 a putative fusion peptide, 19, 20 or the transmembrane domain of GP2 9 ( Figure  1 ). In the NP gene of the 4763 passage series, three predicted coding changes and 12 synonymous mutations were identified (Table 3) . Of the predicted missense mutations, two were correlated with the acquisition of virulence during serial guinea pig passage (NP-35, threonine for alanine, and NP-374, lysine for arginine). None of these mutations involved regions that have been suggested to be potential RNA-binding motifs based on computational methods 21 (Figure 1) . Few mutations were identified in the non-translated regions at the 5Ј and 3Ј ends and the intergenic region ( Table  4 ). The 5Ј non-translated regions were perfectly conserved within the 4763 passage series, whereas one mutation was found in the intergenic region and three in the 3Ј non-translated region. The sole intergenic region mutation flanked, but did not involve, the predicted stem loop structure in this region.
To examine the possibility that a single passage in Vero cells could cause tissue culture-adaptive mutations that would show up in direct sequencing of RT-PCR amplicons, we sequenced a portion of the GPC gene (nucleotides 50-850) of viral RNA isolated directly from spleen virus stock. In addition, five independent plaque-purified viruses from each spleen stock P2 or P18 were sequenced over the same region. In every instance, sequence of RT-PCR products obtained from spleen stock, from the first Vero cell passage of spleen stock (shown in Tables 3-5) , and from five individual plaque purified derivatives of each spleen stock were in perfect agreement for each virus. This finding suggests that the sequence we report is truly reflective of the guinea pig-derived viruses.
DISCUSSION
The Pichinde (PIC) virus model in guinea pigs is an accurate, safe, and convenient laboratory animal model of Lassa fever, and has yielded abundant information on the cardiovascular and pulmonary pathophysiology of terminal shock in arenavirus disease. 4, 22, 23 However, to date, little use has been made of the comparative study of the parent (attenuated) and adapted (virulent) variants of PIC virus Munchique. This approach could be useful in elucidating, for example, the characteristics of protective (versus pathogenic) immune responses, or viral genetic determinants of virulence. We report here an expanded characterization of the comparative model, and sequence comparison of S segments from attenuated and virulent PIC virus variants. The PIC virus model was originally developed in strain 13 inbred guinea pigs, and this strain has become the stan-dard one for the model. However, we show that outbred guinea pigs also discriminate between low-passage and highpassage PIC4763 variants in terms of pathogenicity; i.e., 4763-P2 is attenuated (LD 50 /ID 50 Ͼ 2,000), whereas the high-passage 4763-P18 is virulent (LD 50 /ID 50 ϭ 7.5). These findings differ from those previously published by Jahrling and others. 2 This discrepancy most likely reflects the longer passage history of the virus used in our study (passage 18 versus passage 8). For certain comparative pathogenesis studies, outbred guinea pigs may be preferable for reasons of economy, availability, and greater potential relevance to outbred human populations.
Recently published studies comparing S segment sequences of virulent and vaccine strains of the pathogenic arenavirus Junin identified putative attenuation markers in GP2, NP, and the amino terminus of the GP1 open reading frame. 24, 25 These comparisons were complicated by the long passage histories of the vaccine strain candid #1 with respect to its virulent parent human isolate XJ, and the use of strain MC2, an unrelated rodent isolate, in the sequence analysis. In contrast, our approach compares PIC virus variants of markedly different pathogenicities that derive from a single naturally attenuated isolate. As expected from the common ancestry of the PIC virus variants we examined, and the relatively short, uniform passage histories, we have discovered a small number of S segment mutations that are associated with the acquisition of virulence during serial guinea pig passage. Based on S segment sequence analysis of four members of a guinea pig passage series of PIC virus Munchique, we have identified five missense mutations that are correlated with virulence, in that the wild type amino acid was present in both attenuated variants (P1 and P2), and the mutation was found in both virulent variants (P17 and P18). Three of these virulence-associated mutations were located within the GP1 portion of the gene: GPC-119 serine to threonine, GPC-140 lysine to glutamic acid, and GPC-164 isoleucine to valine. The GPC-140 mutation is of particular interest because this locus coincides with the region of peak hydrophilicity of the GP1 protein, suggesting that this domain is surface exposed on the virion. It is possible that mutations in this site may alter virus binding to target cells or virus susceptibility to neutralization by host antibody response. Glycoprotein 1 is known to possess the major neutralizing epitopes for the prototype arenavirus lymphocytic choriomeningitis virus (LCMV), 26, 27 including a common, conformational epitope. This epitope has not been further mapped onto the primary sequence of the LCMV GP1, and we cannot speculate upon the relationship of our predicted virulence-associated mutations to an analogous PIC virus epitope. The cell-surface, laminin-binding protein ␣-dystroglycan has been recently identified as a receptor for several arenaviruses, including Lassa, LCMV, Mobala, and Oliveros. 28 In light of our current findings, it would be of interest to determine whether PIC virus uses this receptor, and, if so, whether GP1 mutations that are acquired during guinea pig passage alter its binding to ␣-dystroglycan.
In summary, we have identified a small number of candidate virulence-associated mutations in PIC virus Munchique, including a hydrophilic locus within the PIC virus GP1. It is probable that altered virulence properties may also reflect changes in the L segment, which has not yet been sequenced for these particular PIC virus variants. Reassortment experiments are currently underway in the laboratory to determine the relative contributions of each of the genomic segments of PIC virus Munchique to virulence in this model.
